Dengue is a potentially fatal mosquito-borne infection with 50 million cases per year and 2.5 billion people vulnerable to the disease. This major public health problem has recurrent epidemics in Latin America and occurred recently in Cape Verde and Madeira Island. The lack of anti-viral treatment or vaccine makes the control of mosquito vectors a high option to prevent virus transmission. Essential oil (EO) constituents can affect insect's behaviour, being potentially effective in pest control. The present study evaluated the potential use of Foeniculum vulgare (fennel) EO in the control of the dengue vector Aedes aegypti. EOs isolated from fennel aerial parts collected in Cape Verde and from a commercial fennel EO of Portugal were analysed by NMR, GC and GC-MS. trans-Anethole (32 and 30%, respectively), limonene (28 and 18%, respectively) and fenchone (10% in both cases) were the main compounds identified in the EOs isolated from fennel from Cape Verde and Portugal, respectively. The larvicidal activity of the EOs and its major constituents were evaluated, using WHO procedures, against third instar larvae of Ae. aegypti for 24 h. Pure compounds, such as limonene isomers, were also assayed. The lethal concentrations LC 50 , LC 90 and LC 99 were determined by probit analysis using mortality rates of bioassays. A 99% mortality of Ae. aegypti larvae was estimated at 37.1 and 52.4 µL L -l of fennel EOs from Cape Verde and Portugal, respectively. Bioassays showed that fennel EOs from both countries displayed strong larvicidal effect against Ae. aegypti, the Cape Verde EO being as active as one of its major constituents, (-)-limonene.
Mosquitoes are vectors of diseases like malaria, lymphatic filariasis, dengue and yellow fever, among other arboviruses [1] . These diseases cause high levels of mortality and/or morbidity, especially in countries from subtropical and tropical regions, where they are more prevalent, with consequent social and economic impacts [2] .
Aedes aegypti (Linnaeus 1762) is the main vector of dengue and yellow fever (via an urban cycle of transmission). It is an invasive species, adapted to human environments, promptly feeding on humans, and which breeds mainly in domestic or peridomestic areas. A rapid rise in urban populations, without proper urbanization, is placing a growing number of people in contact with the vector. Consequently, the number of dengue infections has increased worldwide over the last decades, with the occurrence of serious outbreaks with haemorrhagic fever [3] . In the African archipelago of Cape Verde, the first dengue epidemic, with 21,000 cases in 2009, demonstrated that dengue virus is still expanding into new territories [4] [5] . In 2012, an outbreak of dengue fever in Madeira Island was reported [6] , which proves that this infection is not only confined to the tropical region.
Vector control remains an important component of the strategies to fight vector-borne diseases. Mosquito control has been based on continued applications of organophosphates and insect growth regulators, such as diflubenzuron and methoprene. Vector control relies mainly on the use of insecticides applied to mosquito larvae habitats or, indoors, against adult mosquitoes. However, insecticide resistance has evolved in many Ae. aegypti mosquito populations worldwide [7] [8] . Environmentally friendly compounds with high larval mortality effect are currently needed.
Products of plant origin have been assessed for the detection of biocide substances that might reduce, or replace, the use of organophosphate and pyrethroid insecticides for disease vector control. Essential oils (EOs) have a broad spectrum of bioactivity due to the presence of several active components [9] . It is known that several plant EOs or plant extracts have toxic effects on mosquito species. In particular, fennel extracts have been reported as having insecticidal activity against different mites and insects [10] , including disease mosquito vectors [11] [12] [13] [14] [15] . Their lipophilic nature facilitates them to interfere with basic metabolic, biochemical, physiological and behavioural functions of insects. emmenagogue and galactagogue properties for lactating women [17] .
There is a great diversity in the composition of commercial fennel EOs. The Committee on Herbal Medicinal Products (HMPC) of the European Medicines Agency includes the monographs for the two varieties of fennel, namely F. vulgare Miller subsp. var. vulgare (bitter fennel) and F. vulgare Miller subsp. vulgare var. dulce (Miller) Thellung (sweet fennel), and their chemical profiles [16] . According to the European Pharmacopeia bitter fennel EO is characterized by a minimum of 60% trans-anethole, 15% fenchone, 1-10% pinene, ≤6% estragole (methyl chavicol) and 1-5% limonene. Sweet fennel EO contains a minimum of 80% anethole and a maximum of 10% estragole and 8% fenchone [18] . However, the International Organization for Standardization defines two bitter fennel EO types, the trans-anethole and the phellandrene type [19] . Commercial fennel fruit EOs from pharmacies in different countries were characterized by a large variation of trans-anethole (34.8-82.0%), fenchone (1.6-22.8%), estragole (2.4-17.0%), limonene (0.8-16.5%), and cis-anethole (0.1-8.6%) [20] . Portuguese fennel EOs showed the existence of the chemotypes trans-anethole, transanethole/fenchone and trans-anethole/methyl chavicol [21] . A study of the morphological data and chemical characterization of the EOs of wild Portuguese fennel fruits showed that this species presents high hybridization rates and a wide number of intermediate forms with highly variable characters. However, despite such difference, it is evident that Portuguese fennel EO displays the presence of methyl chavicol and trans-anethole chemovarieties [22] .
The main goal of this study was to evaluate, for the first time, the larvicidal properties of EOs from F. vulgare of different geographical origins against the mosquito vector Ae. aegypti. The chemical profiles of these EOs were analysed through 13 C NMR, GC and GC-MS techniques, which permitted the identification of characteristic fingerprinting markers of fennel EOs. Additionally, the LC 50 , LC 90 and LC 99 values for major constituents of EOs were also determined.
Hydrodistillation of F. vulgare aerial parts collected in Cape Verde produced a yellow EO with a yield of 0.6%, v/w. The application of 13 C NMR spectroscopy to the field of EOs analysis is a very fast and reliable methodology, which allows analysing samples at room temperature without degradation of unstable components. 13 C APT NMR analysis of EOs isolated from fennel aerial parts collected in Cape Verde and Portugal showed similar chemical profiles, with trans-anethole (1) and limonene (2) ( Figure 1 ) as their main constituents ( Table 1 ). 13 C APT NMR analysis allowed attribution of the carbons of the aromatic ring at δ 114.0 (C-2 and C-6) and 126.9 (C-3 and 5), an exocyclic double bound at δ 130.5 (C-1´) and 123.4 (C-2´), methyl groups at δ 55.2 (C-7) and 18.5 (C-3´), and quaternary carbons at δ 158.7 and 130.9 (C-1 and C-4), which are characteristic of trans-anethole. Moreover, in the APT 13 C spectra were also well-distinguished resonances for limonene (2), at δ 150.2, 120.7 and 108.4 assigned to unsaturated carbons (C-1´, C-2 and C-2´), a quaternary carbons at δ 133.7 and 41.7 (C-1 and C-4), methylene groups at 30.8, 30.6 and 28.0 ppm (C-6, C-3 and C-5) and methyl groups of double bounds at δ 23.5 and 20.9 (C-7 and C-3´). This preliminary study evidenced that the EOs from both plant origins exhibited similar chemical profiles, with trans-anethole (1) and limonene (2) as their main constituents ( Table 1 ). The data obtained are in agreement with that present in the literature [23] . This approach allowed a prompt identification and evaluation of both EOs and its main constituents, simultaneously. Limonene 2 28.0
Limonene 2 108.4 CH 2 (C-2´) 10
trans-Anethole 1 114.0 CH (C-2 and C-6) 11
Limonene 2 120.7 CH= (C-2) 12
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trans-Anethole 1 130.5 CH= (C-1´) 15 trans-Anethole 1 130.9 Cq (C-4) 16
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trans-Anethole 1 158.7 Cq (C-1) GC and GC-MS analysis of Cape Verde and Portugal fennel EOs led to identification of 55 and 36 compounds representing 98 and 99% of the total volatiles, respectively ( Table 2 ). Both EOs were characterized by high contents of monoterpene hydrocarbons (47 and 53%, respectively) and phenylpropanoids (34% in both cases), followed by oxygen-containing monoterpenes (16 and 13%, respectively). The EOs of F. vulgare from Cape Verde and Portugal showed similar major constituents, trans-anethole (32 and 30%, respectively), limonene (28 and 18%, respectively) and fenchone (10% in both cases) ( Table 2) . Other minor compounds such as -pinene (7 and 5%, respectively), -pinene (5 and 12%, respectively), p-cymene (2 and 7%, respectively), -phellandrene (1 and 4%, respectively) and estragole (1 and 3%, respectively), were also identified in both EOs.
The range of the main components found in the present work for the commercial fennel EO from Portugal is in agreement with previous data on the essentials oil isolated from dried aerial parts of F. vulgare collected in Portugal, namely high in trans-anethole (31-36%), -pinene (14-20%) and limonene (11-13%) [24] , and low in estragole, which is dominant in the fruit EOs [22] [23] [24] . The chemical composition of the presently studied EOs was also quite similar to those obtained from fruits of Egyptian fennel cultivar var. dulce [16] .
To consider the fennel EO from Cape Verde as a chemotype, due to the high levels of trans-anethole (1) and limonene (2), a morphological and chemical study for better characterization is still needed. The high content of limonene in the samples does not allow the characterization of the fennel EOs studied as sweet or bitter based on the European Pharmacopeia classification [25] . However, the presence of limonene undoubtedly contributed to the relevant larvicidal effects obtained and evaluation of both EOs and its main constituents, simultaneously.
EOs obtained from both Cape Verde and Portuguese fennel exhibited significantly high larvicidal activity against Ae. aegypti third instar larvae (Table 3 ). Portuguese and Cape Verde fennel EOs, at 52.4 µL L -1 and 37.1 µL L -1 respectively, showed 99% larval mortality. By applying ANOVA and Mann-Whitney tests, no significant difference was found between the variances of mosquito mortality observed after exposure to the different concentrations of each oil. However, the highest toxicity against third instar larvae was shown by fennel EOs from Cape Verde.
Larvicidal activity of standard compounds, (-)-limonene, (+)-limonene, trans-anethole and estragole was also evaluated against the 3 rd instar mosquito larvae ( [15] .
Reports on the effectiveness of fennel EO against larvae of Ae. aegypti were found, but the plants from Portugal and Cape Verde were screened for the first time. At 40 mg L -1 , fennel EO induced 50% mortality on second instar larvae 2 h after exposure, and at 60 mg L -1 ensured 90% mortality of fourth instar larvae after 4 h exposure [26] . The larvicidal activity of trans-anethole from other EOs against several mosquito species has already been reported [26; 27; 28] . The LC 50 and LC 90 obtained in this work are in accordance with reports on the larvicidal activity of EO from fennel flowers against Culex pipiens larvae, despite its slightly lower level of trans-anethole and the significantly higher concentration of limonene [29] .
Although the World Health Organization (WHO) does not specify any criteria for classifying the larvicidal potential of new products, some authors use the values of the minimum lethal concentration that eliminates 50% of the population (LC 50 ) as a criterion for activity. Specifically, if LC 50 <50 mg L -1 the product is considered very active, if 50 < LC 50 < 100 mg L -1 the product is considered active, and when LC 50 > 750 mg L -1 the product is considered inactive [30] [31] [32] . Based on this norm the fennel EOs from Cape Verde and Portugal are undoubtedly in the class of very active. The same is true for the main compounds when separately assayed. However, the highest larvicidal activity corresponds to the EO from Cape Verde fennel (LC 50 = 23.3 μl L -1 , which is equivalent to 4.4 mg L -1 ).
Microscopic analysis showed morphological changes in the anal papillae of Ae. aegypti larvae after contact with essential oils and standards of the F. vulgare major compounds, (+)-limonene and (-)-limonene ( Figure 2 ). An accumulation of dark pigmentation was observed throughout the chest and on the base of the anal papillae insertion after contact with these two compounds. Larvae exposed to (-)-limonene showed major structural damage such as destruction of the gut and extrusion of hemolymphatic content. Larvae exposed to (+)-limonene exhibited darkening at the base of the anal papillae extended to the apex region. The larvae of Ae. aegypti exposed to either fennel EOs or (-)-limonene and (+)-limonene exhibited morphological changes, such as dark pigmentation through the chest and at the base of the anal papillae insertion. Such modification was not observed in the control group (water and Tween 20). Earlier study, regarding the evaluation of Azadirachta indica extracts against Culex quinquefasciatus (= fatigans) larvae, revealed similar morphological changes, including modifications in head and abdomen pigmentation, but not the darkening of anal papillae [33] . In the current study, we observed discoloration of anal papillae, which are involved in the osmoregulation process, so we recommend further ultrastructural studies, to better understand the role of this organ and the fennel EO's mode of action.
However, according to these above mentioned criteria, it is clear that the EO of the aerial parts of F. vulgare has high larvicidal properties and that these results are very promising for further development of a larvicidal formulation. According to our findings, the larvicidal potential of F. vulgare EO was confirmed and it could be an alternative to synthetic insecticides being useful as an integrated strategy to prevent dengue by controlling the mosquito vector.
In conclusion, the EOs of F. vulgare aerial parts and their main constituents exhibited strong activity against Ae. aegypti larvae.
Biological assays displayed that one of the isomers of limonene has a strong and similar larvicidal effect to the fennel crude oil, indicating that enantioselectivity seems to play an important action in the activity of essential oils. These results suggest the potential application of fennel EO as a possible natural larvicide for the control of mosquitoes. However, additional studies of human toxicity and effects of the EO on non-target organisms are recommended before formulation development.
Experimental
Plant material: Aerial parts of wild F. vulgare Mill. from Cape Verde were collected during flowering in the Islands of Santo Antão. Five Kg of the material was collected from random plants over a large area. Voucher specimens were identified and deposited in the Herbarium of the Instituto de Investigação Científica Tropical, in Lisbon, under voucher number 3. Aerial plant parts were dried in a ventilated room at 40-45ºC, in continuous dark, for about 8 days, until reaching a constant dry weight, and then the essential oil extraction occurred immediately after the plant material was coarsely ground.
Essential oil extraction:
The EO was obtained by hydrodistillation for 3 h, using a modified Clevenger apparatus in a ratio of 100 g of dry aerial parts to 700 mL of deionized water according to the European Pharmacopoeia method [34] . The EO thus obtained was stored at 4ºC until further analysis. The EO of F. vulgare aerial parts from Portugal was commercially supplied by Terra Pura ® ; this was processed in a similar manner to the Cape Verde sample.
Standard trans-anethole, estragole, (+)-limonene and (-)-limonene were purchased from Merck. 13 C NMR spectra were recorded on a Bruker Avance 400 spectrometer operating at 100.61 MHz, equipped with a 5 mm QNP probe at room temperature. The EO (100 mg) was dissolved in deuterochloroform (0.5 mL) and all Larvicidal activity against Aedes aegypti of Foeniculum vulgare essential oils Natural Product Communications Vol. 10 (4) 2015 681
NMR spectroscopic analysis:
chemical shift values given in ppm ( tetramethylsilane (TMS) was the internal standard. 13 C NMR spectra were recorded with the following parameters: spectral width 23.98 kHz under low-power proton decoupling and 13 C pulse width of 9.0 µs, 2.0 s relaxation delay (D1) between scans, acquisition time 1.366 s, line broadening 1.0 Hz, for 64 k data points. An APT experiment from the Bruker library was used with 1 k accumulated scans and the plot limits were +219 to -19 ppm. Chemical shifts and peak attributions of 13 C NMR spectra were made according to literature data [35] , and transanethole, and limonene standard spectra.
GC and GC-MS analysis:
Gas chromatographic (GC) analyses were performed using a Perkin Elmer Clarus 400 gas chromatograph equipped with two flame ionization detectors (FIDs), a data handling system and a vaporizing injector port into which two columns of different polarities were installed: 
Biological assays
Target mosquito colony: Immature stages of Ae. aegypti were collected in Santiago Island, Cape Verde. From these larvae, a colony has been installed and maintained for 6 generations at 26±2ºC and 70-80% relative humidity, under a photoperiod of 12:12h (light/dark) in a secure insectarium, free of exposure to pathogens, insecticides and repellents. Larvae were fed on triturated fish food. The adults were provided with continuous access to 10% glucose water solution and anaesthetized Rattus rattus was used as a blood meal source for the females.
Assay procedures: Different EO concentrations were tested on the third larval stage of Ae. aegypti. Sets of 25 third instar larvae per concentration were exposed to F. vulgare EO and its major compounds, trans-anethole and (-)-and (+)-limonene stereoisomers.
Although the amount of estragole in both Cape Verdean and Portuguese EOs was low, this compound was also included in biological assays considering the relevance of the Portuguese fennel trans-anethole and methyl chavicol (=estragole) chemovarieties, associated with the knowledge that these two monoterpenes are isomers, both being referred to as active against insects [36] . After preliminary bioassays to optimize the concentrations, the larvae were exposed to 5.0, 6.0, 7.0 or 10.0 µL of Cape Verde fennel EO and to 6.0, 7.0, 9.0 or 12.0 µL of Portugal fennel EO. For each concentration assayed, either the essential oils or compounds were prepared in Eppendorf vials containing 0.04% of Tween 20 ® (Sigma, 99% purity) in 1 mL of distilled water and then transferred to glass containers with distilled water at a final volume of 250 mL. For all the experiments, 4 replicates of each essential oil or compound concentration were prepared, including negative controls with water and Tween® 20 and only with distilled water. Mortality of larvae exposed to each treatment was determined 24 h after contact. Larvae unable to reach the water surface when touched were considered dead [37] .
Morphological analysis of larvae after EO contact:
A preliminary evaluation of the mode of action of F. vulgare EOs and their major compounds was carried out through stereomicroscope and light microscope observation. For this purpose, larvae exposed to treatments with different concentrations and negative controls were preserved in 2 % glycerine alcohol. Groups of 5 larvae were mounted between slide and coverslip in Hoyer medium for further observation and comparison between groups.
Statistical analysis:
Mortality results from bioassays were recorded 24 h after treatment. Data from each treatment were subjected to probit analysis [38] in which probit-transformed mortality was regressed against the log 10 -transformed dose allowing, when statistically significant, LC 50 , LC 90, and LC 99 values and slope estimation (SPSS). To evaluate the hypothesis of equality or differences between two means and ANOVA, parametric tests were applied, including Student's t test for independent samples, which allows comparison of the variability of the average of all samples with the intrinsic variability of the samples. For the sake of accuracy, without disregarding the results of the Kolmogorov-Smirnov test, samples where normality was not confirmed (p <α) were selected, by considering the Mann-Whitney test, which is an alternative nonparametric method used for comparison of ordinal or quantitative variables between two independent groups, when the distribution is not symmetric (normal).
